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Abstract. The microstructure of PSRs B0950+08, B1133+16, and B1929+10 was investigated for a large number
of pulses with a time resolution of 62.5 ns, by far the highest for any such statistical study yet. Using the S2 VLBI
system, the pulsars were observed in absentia with the 70-m NASA/DSN radio telescope at Tidbinbilla, Australia,
at a frequency of 1 650 MHz. The data were continuously recorded at the Nyquist sampling rate with 2-bit sampling
in the upper and lower sidebands each 16 MHz wide, and written on magnetic tape. The data were played back via
the S2 Tape-to-Computer Interface at CRESTech/York University, dedispersed before detection and analyzed. For
PSR B1929+10 we found as yet unreported broad microstructure in the average cross-correlation function (CCF)
with a characteristic time scale of 90  10 µs. On a ner scale PSRs B1133+16 (component II) and B1929+10
show narrow microstructure with a characteristic time scale in the CCFs of 10 2 µs and 8 2 µs, respectively,
the shortest found in the average CCF or autocorrelation function (ACF) for any pulsar, apart perhaps from the
Crab pulsar. Histograms of microstructure widths are skewed heavily toward shorter time scales but display a
sharp cuto. The shortest micropulses have widths between 2 and 7 µs. The time scales of the broad, narrow,
and shortest micropulses are, at least partly, related to the widths of the components of the integrated proles
and the subpulse widths. We interpret the shortest micropulses observed, at least partly, as the nest ripples of
the beam pattern whose angular sizes are limited by the longitudinal smearing as a function of the bandwidth of
the receiver and of the radius to frequency mapping along the opening polar magnetic eld lines. We predict a
principle lower limit for the width of micropulses from these pulsars at 1.7 GHz of 0.5 µs. For PSRs B0950+08
and B1133+16 (both components) the micropulses had a residual dispersion delay over the 16 MHz frequency
dierence between the two channels of  2 µs when compared to that of average pulse proles over a much larger
relative and absolute frequency range. This residual delay is likely the result of propagation eects in the pulsar
magnetosphere that contributes to limiting the width of micropulses. No nanopulses or unresolved pulse spikes
were detected. In general, the micropulse modulation index decreases with the micropulse width. Cross-power
spectra of single pulses show a large range of complexity with single spectral features representing classic quasi-
periodicities and broad and overlapping features with essentially no periodicities at all. Most spectral features
have relatively small Q-factors of 1.5 to 2, and the histograms of the corresponding micropulse periods do not
show any resonance spikes, thus arguing against quasi-periodicities being due to particular vibrational modes of
the neutron star. Instead, they appear to be an integral part of the microstructure. Signicant dierences were
found for the two components of PSR B1133+13 in every aspect of our statistical analysis of micropulses and
their quasi-periodicities. Asymmetries in the magnetosphere and the hollow cone of emission above the polar cap
of the neutron star may be responsible for these dierences.
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1. Introduction
Pulsar radio emission originates in a region of extremely
small size, most likely from charged particles in the mag-
Send offprint requests to: M.V. Popov,
e-mail: mpopov@asc.rssi.ru
netosphere traveling along the diverging dipole magnetic
eld lines above the polar cap of a neutron star (?,
e.g.,)]ruderman1975, arons1983. This emission can be seen
by an external observer only during short successive time
windows separated by the neutron star’s rotation period.
Within such a window, the radio signals recorded at dier-
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ent times are therefore related to dierent reference points
in the pulsar magnetosphere which are either separated
longitudinally across the beam or radially along the beam
or by a combination of both. Correspondingly, the ob-
served intensity fluctuations can be either caused by a
longitudinal modulation of the radiation pattern over the
cross section of the polar magnetic eld lines or by a ra-
dial modulation of the radiation pattern along the opening
polar magnetic eld lines, or, again, by a combination of
both. The longitudinal modulation is most likely related
to the stationary geometry of the emission beam xed to
each of the poles of the rotating neutron star. The radial
modulation is likely related to plasma bunching and linked
to the elementary emission mechanism. In this model the
spectrum of the radio emission is a function of the ra-
dial distance from the neutron star and the beam width is
frequency dependent. High frequency radiation is emitted
closer to the neutron star and the beam is narrower, low
frequency radiation is emitted further out and the beam
is broader, reflecting the opening of the polar magnetic
eld lines. The study of pulsar intensity fluctuations has
largely the goal of probing on the one hand the geometrical
characteristics of the pulsar emission beam and its under-
lying magnetospheric structure and on the other hand the
elementary emission mechanism.
Pulsar radio emission is known to exhibit fluctuations
over a broad range of time scales. Average pulse pro-
les can have up to seven components (?) and together
with their frequency dependent widths reflect best the un-
derlying geometrical structure of the magnetosphere (?).
Every individual pulse is composed of one or several sepa-
rate subpulses. In general, the subpulses fluctuate strongly
within a single pulse and from pulse to pulse but have sta-
tionary characteristics and a characteristic widths com-
puted from their autocorrelation functions that is 97%
correlated with the width of the strongest component of
the average pulse prole. Like the average pulse proles
they most likely also reflect, at least to a large part, the
geometrical structure of the magnetosphere (?). The sub-
pulses in their turn are often composed of micropulses
or microstructure with typical time scales of about hun-
dred to a few hundred microseconds, or several tenths of
a degree in pulsar longitude (?, e.g.,)]hankins1972, karda-
shev1978. In a few cases still much faster but well resolved
individual fluctuations were recorded, for instance with a
time scale down to 2.5 µs for PSR B1133+16 (?), the
fastest fluctuations found for any pulsar apart from the
Crab pulsar. For the latter pulsar sporadic giant pulses
were observed which were still unresolved at a time reso-
lution of 10 ns (?).
For the broader micropulses, quasi-periodic structures
were found in the very rst studies of single pulses with
suciently high time resolution. ?) found many examples
of regularly spaced micropulses with periods of 300 to
700 µs for PSR B0950+08 at a frequency of 111.5 MHz.
?), ?) and ?) have shown that PSR B2016+28 has quasi-
periodic microstructure with periods ranging from 0.6 to
1.1 ms at a frequency of 430 MHz. ??) analyzed the
statistics of quasi-periodicities for PSRs B0809+74 and
B1133+16 at 102.5 MHz. ?) studied ve pulsars (including
PSRs B0950+08 and B1133+16) with quasi-periodic mi-
crostructure at several radio frequencies. They concluded
that there are no preferred periods for quasi-periodicities
that are intrinsic to a given pulsar and that there is no
frequency dependence of the micropulse width and the
characteristic period of the quasi-periodicity.
It is the topic of this paper to investigate micropulses
and their quasi-periodicities and to help to understand
whether they reflect the longitudinally modulated emis-
sion pattern and the geometry of the magnetosphere or
instead are more eected by the radially or intrinsically
temporally modulated pulsar emission pattern. The short-
est micropulses observable in a pulsar in particular may
harbor essential clues about the nature of the emission
fluctuations in pulsars.
To achieve a high time resolution one must digi-
tally record the pulsar signal before detection with sub-
sequent dispersion removal processing as originally de-
scribed by ?). Because of the complexity of the required
data acquisition systems, the great amount of recorded
data, and the time consuming data reduction processes
required, pulsar microstructure has not been studied as
extensively as the mean pulse proles and subpulses.
Previous studies were based mainly on observations made
with a time resolution of several microseconds to sev-
eral tens of microseconds. A review of microstructure re-
search is given by ?). In this paper we present a statistical
analysis of the properties of microstructure for the three
bright pulsars, B0950+08, B1133+16, and B1929+10 at
1 650 MHz with a time resolution of 62.5 ns, the most ex-
tensive such analysis yet for any pulsar and with one of
the highest time resolution ever used.
2. Observations
The observations were made with the NASA Deep Space
Network 70-m DSS43 radio telescope at Tidbinbilla,
Australia. PSRs B0950+08 and B1133+16 were observed
on 10 May 2000 and PSR B1929+10 on 24 April 1998, the
latter also simultaneously with the Japanese space VLBI
antenna HALCA (?).
The data were recorded continuously with the S2 VLBI
system (??) in the 2-bit sampling mode in the lower side-
band from 1 634 to 1 650 MHz and the upper sideband
from 1 650 to 1 666 MHz. Left circular polarization was
recorded for both frequency channels. The observations
were made in absentia which is more typical for VLBI
observations. In general, pulsar observations with the S2
VLBI system can be made at any of the  30 radio tele-
scopes worldwide which are equipped with such a system,
in the same way VLBI observations are made without the
need for the investigators’ presence. In eect, a dedicated
pulsar backend at the observing station is replaced with a
software package on the workstation at the investigator’s
home institution.
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Table 1. Pulsar characteristics and xed parameters: P is the pulsar period; DM is the dispersion measure; δtcal is the computed
time delay between the two frequency channels, the standard errors are < 0.1 µs; N is the approximate total number of pulsar
periods observed; Np is the number of selected strong pulses used to compute the CCFs. For PSR B1929+10 a distinction is
made between the number used to compute the average CCF and the number (in parentheses) used to compute the individual
CCFs for the analysis of individual pulses; Nµ is the number of microstructure features revealed; Nµ−QP is the number of
detected quasi-periodicities; Nno−µ is the number of smooth structureless pulses; T is the number of samples for the duration
of the pulse window used to calculate the CCF; SNR is the signal-to-noise ratio of the average pulse intensity in a single pulse
PSR B P (s) DM (pc/cm3) δtcal (µs) N Np Nµ Nµ−QP Nno−µ T SNR
0950+08 0.253 2.9702a 89.1 14 000 225 716 568 1 131 072 0.29
1133+16 (I) 1.188 4.8471a 145.4 3 000 240 362 544 41 524 288 0.63
1133+16 (II) 145.4 132 165 134 51 524 288 0.33




The tapes were shipped to Toronto and played back
through the S2 Tape-to-Computer Interface (S2-TCI) at
the Space Geodynamics Laboratory (SGL) of CRESTech
on the campus of York University. The S2-TCI system
transfers the baseband sampled pulsar data to computer
les stored on hard discs and makes the data available for
o-line analysis by a SUN Workstation computer. A sim-
ilar use of the S2-TCI system for processing observations
of PSR J0437−4715 was reported by ?).
The S2-TCI system enabled us to transfer the data
stream to disc in a piecewise manner, the size or duration
of each piece of data stream being limited by the disc
storage capacity. In general, we transferred a set of about
10 minutes of data to disc at a time. In a rst step we
detected the recorded signal by squaring and averaging it
with a time constant of about 100 µs. Then we determined
the phase of the pulse window and selected strong pulses.
The approximate total number of pulses, N , observed and
the number of selected pulses, Np, is listed for each pulsar
in Table 1. This approach reduced the amount of data by
a factor of several hundred and enabled us to carry out
the subsequent signal processing more eciently.
Having determined the pulse windows and selected
strong pulses we further processed the recorded (raw) sig-
nal by decoding the signal amplitude sampled in two bits.
Two-bit sampling of the amplitude of Gaussian random
noise is widely used in VLBI observations. The decod-
ing is generally done using four levels with integer values
equal to −3, −1, +1, +3. Integer values are essential for
the operation of a VLBI correlator. These values reason-
ably represent the signal while the threshold level where
the sampler switches from 1 to 3 and −1 to −3 is equal to
the current root-mean square deviation (+1σ and −1σ, re-
spectively) of the signal. In order to preserve this condition
during observations, the S2 VLBI data acquisition system
(S2-DAS) has an automatic gain control (AGC). For pul-
sar observations with the S2-DAS it is preferable to switch
o the AGC and instead use the manual gain control with
the gain xed, or if left switched on, to choose a suciently
long time constant for the AGC loop. Either option has
the advantage of preventing the sampler from experienc-
ing sudden gain discontinuities inside a pulse window. For
our observations the AGC was inadvertently left switched
on, but fortunately the gain was found to be constant
inside the selected pulse windows in the majority of all
cases. Therefore the threshold level could relatively easily
be adjusted during the analysis after the observations to
reflect the larger voltage variations in the ON-pulse win-
dow. We changed the decoding values through the data
records from 1 and 3 to real values that correspond to
the current 1σ levels. We computed the new levels from
the quasi-instantaneous rms values of subsequent portions
of the data records each 100 µs long. For suciently strong
pulses this technique increased the dynamic range and
signal-to-noise ratio by several times.
The last step in our data processing routine was the re-
moval of the dispersion caused by the interstellar medium.
The predetection dispersion removal technique itself (?)
consists of a Fourier transform of the decoded signal fol-
lowed rst by amplitude corrections for the generally non-
uniform receiver frequency bandpass and phase correc-
tions for the dispersion delay, and then by an inverse
Fourier transform back to the time domain. In particular,
for the phase corrections of the dispersion delay, δ(ν), at
the observing frequency, ν, we used














L1pc = 2.6071308  1016 cm2/s ,
with e and me as the charge and mass of the electron,
respectively, c the speed of light, and L1pc the distance of
1 pc in cm. The values for DM used for the three pulsars
are listed in Table 1. We set to zero all negative frequency
components in the spectrum before computing the inverse
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Fourier transform. Then, after having computed the in-
verse Fourier transform, we computed the sum square of
the real and imaginary components of the complex time





























Fig. 1. An example of a strong pulse at 1 634 MHz (L) and
1 650 MHz (U) for each of the three pulsars. The dispersion
smearing was removed, the dispersion delay between frequency
channels was not removed. The intensity fluctuations were
smoothed over a 32 µs time interval
4. Results
4.1. Individual pulses
In Figure 1 we display one example of a strong pulse for
the upper (U) and lower (L) sideband for each of the three
pulsars. The pulses are shown with a time resolution of
32 µs. It can be seen that the pulses vary in intensity on
a time scale down to almost the resolution interval. The
intensity variations are strongly correlated between the
upper and lower frequency bands.
More rapid variations also appear to be present
on rst sight. For example, one very strong pulse of
PSR B1133+16 has a mean flux density averaged over
the pulse window of about 500 Jy, while the strongest
isolated spike observed in the lower sideband has a flux
density in excess of 6 000 Jy. A short 4 µs-portion of this
pulse is shown in Figure 2 with the original time reso-
lution of 62.5 ns. The dispersion time delay between the
two frequency channels was removed in Figure 2. For such
short time intensity variations no correlation is apparent
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Fig. 2. A short portion of a very strong pulse from
PSR B1133+16 plotted with a 62.5 ns time resolution. The
upper curve corresponds to the 1 650 MHz frequency channel,
and the lower one corresponds to the 1 634 MHz frequency
channel. The dispersion smearing and time delay between the
frequency channels were removed. The original 2-bit quanti-
zation of the voltages is not visible because of the dispersion
removal
to investigate whether these spikes and other strong un-
resolved ones are related to the physical emitters or are
just statistically insignicant noise fluctuations of much
broader pulse structure that increased the on-pulse an-
tenna temperature and led to the strong variations.
In the remainder of the paper we rst discuss the
properties of the microstructure with a width of  1 to
 200 µs. Then we present a search for structure on sub-
microsecond time scales, and nally we report on a study
of the statistics of microstructure quasi-periodicities of the
micropulses of the three pulsars.
4.2. Microstructure
4.2.1. The typical microstructure width from the
average cross-correlation function
We determined the typical width of microstructure in a
large number of single pulses from the width of the central
spike of the averaged cross-correlation function (CCF). We
chose CCFs for our analysis instead of the more widely
used autocorrelation functions (ACFs) to avoid the noise
spike at zero lag of the latter. More precisely, for each
pulsar we selected Np (Table 1) strong pulses, computed
for each of them the CCF, R1,2(τ), between the signals,
I1(t) and I2(t), in the lower and upper sideband frequency
channels, respectively, at lag τ with
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Table 2. Observed pulsar parameters: δtobs is the observed time delay between the two frequency channels; δtobs − δtcal is
the dierence between the observed and computed time delay for the two frequency channels; τµ−broad and τµ−narrow are the
characteristic time scales of the microstructure determined from the average cross-correlation functions (see text); τµ−shortest is
the shortest width found for the observed micropulses; t0.5 is the FWHM of the average prole or, in case of PSR B1133+16,
of the respective component in the prole (for component II t0.5 is twice the half-width at half maximum measured from the
center of the component to the trailing part of the component); τm is a measure of the typical subpulse width determined as
the 50% width (ignoring the zero-lag spike) of the average ACF of single pulses (for PSR B1133+16 τm = 2.9 ms, no distinction
is made between the two components). The data in the last two columns and for τm of PSR B1133+16 are from ?)
PSR B δtobs (µs) δtobs − δtcal (µs) τµ−broad (µs) τµ−narrow (µs) τµ−shortest (µs) t0.5 (ms) τm (ms)
0950+08 87.2 0.3 −1.9 0.3 140 10 − 7 9.1 5.0
1133+16 (I) 143.1  0.1 −2.3 0.1 − − 6 6.0
1133+16 (II) 143.1  0.2 −2.3 0.2 − 10 2 2 8




I1(t)I2(t + τ) , (2)
where t is the sample number at a particular time within
the single pulse and T (see Table 1) is the total number
of samples chosen for the pulse window. We then aver-
aged the CCFs for each pulsar. Figure 3 shows the CCFs
smoothed to a time-lag resolution of 1 µs and shifted so
that their time-lag origins correspond to the delays δtcal,
computed from the dispersion measure, DM, published in
the literature (see Table 1). The left column shows the
CCFs on a relatively large time-lag scale while the right
column displays only the central part of the CCFs.
For PSR B0950+08 and PSR B1929+10 a sharp spike
can be clearly seen in the CCFs in the left column, in-
dicating correlated microstructure in the two bands with
a well dened characteristic time scale. We determined
the characteristic time scale of the typical width of the
microstructure from the intersection of the linear slope
of the central narrow part and the more slowly decreas-
ing broader part of the CCFs and list it with approximate
standard errors as τµ−broad in Table 2. For PSR B1133+16
a central spike is hardly visible in either of the two com-
ponents in the left column. A characteristic time scale is
not well dened for this pulsar. For component I there is
a marginal indication of a slight steepening of the slope
of the CCF between 300 and 100 µs. For component II a
central spike is a bit more pronounced but the slope does
not steepen abruptly at a particular characteristic time
scale but rather gradually from  100 µs towards smaller
time scales. For each component broad micropulses ex-
ist but their widths vary over a relatively large range.
Microstructure with time scales of  100 to  200 µs was
known to exist for PSR B0950+08 and PSR B1133+16
but never before reported for PSR B1929+10.
In the right column we display the central portions
of the CCFs. For PSR B0950+08 and PSR B1133+16
(I) no additional abrupt sharpening of the CCFs can be
seen. However for PSR B1133+16 (II) and PSR B1929+16
an additional central spike was found, indicating particu-
larly short microstructure with characteristic time scales,
τµ−narrow, of order 10 µs (see Table 2). Such short mi-
crostructure has never been seen in the average ACF or
CCF of so many pulses of any pulsar. However, for the gi-
ant pulses from the Crab pulsar, microstructure was found
in the ACF of a single pulse with the width at the 25%
level of the ACF of  1 µs (?).
4.2.2. Time delay of microstructure from the average
cross-correlation function
A close inspection of the inner part of the CCFs shows that
the peak does not always occur exactly at the expected
time delay. To quantify the discrepancy we measured the
center of symmetry of the top part of the central portion
of the CCFs in Fig. 5 and list it as δtobs in Table 2. To




(NpT )−1/2 , (3)
where τµ is the microstructure time scale, τµ−broad listed
in Table 2. For PSR B1133+16 we used 200 µs and 100 µs
as values in the observed range of time scales for com-
ponent I and II, respectively. SNR is the signal-to-noise
ratio of the intensity of the average single pulse integrated
over the pulse window (see Table 1).
For PSR B1929+10 the observed time delay is equal
within the error to the expected time delay. However, for
PSR B0950+08 and the rst and second component of
PSR 1133+16 there are signicant discrepancies. The dif-
ferences, δtobs − δtcal, are about −2 µs (see Table 2) in
the sense that micropulses at the higher frequency ar-
rive slightly later than expected in comparison to the mi-
cropulses at the lower frequency. The slight dierences cor-
respond to values of DM, 1 to 2% smaller than those listed
in Table 1. However, as we will discuss in Section 6, we
do not think that the values of DM in Table 1 need to be
corrected.
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PSR 1929+10
Fig. 3. The average cross-correlation function (CCF) for PSR B0950+08, the rst (I) and second (II) component of
PSR B1133+16, and PSR B1929+10. The CCFs were calculated for the unsmoothed ON-pulse intensities recorded in the
conjugate 16-MHz bands and then smoothed over a time interval of 1 µs. The right column of the plots represents the very
central portion of the CCFs shown in the left column
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Fig. 4. Examples of individual CCFs for PSR B1133+16 (component II) in order of increasing complexity. The left plot shows
microstructure with one characteristic width only. The middle and the right plots show microstructure with two and three
characteristic widths
4.2.3. The distribution of microstructure widths from
individual cross-correlation functions
In order to determine the distribution of microstructure
widths for individual pulses, we computed the CCF for
each of the Np selected strong single pulses. Note that
for PSR B1929+10 the number is given in parentheses,
dierent from the number of pulses used to compute the
average CCF. An interactive \TV"-based task was used
to display the individual CCFs in a variety of time scales.
With the help of a TV-cursor, the microstructure width
was determined, again, from that point of the CCF where
the originally steep slope changed to a flattened slope.
The majority of the selected strong pulses showed dis-
tinct short-term microstructure in the individual CCFs.
Three examples of individual CCFs are shown in Figure 4
for PSR 1133+16 (component II). The left plot shows
a CCF with an individual spike only, the middle and
the right plots show more complex CCFs with two and
three dierent widths for the microstructure. For PSRs
B0950+08 and B1929+10 very often several, up to ve,
dierent structural scales were found in the same pulse.
In these cases several values for the microstructure width
were obtained from one pulse. The total number of values
for the microstructure width is listed for each pulsar (and
each component in case of PSR B1133+16) in Table 1 as
Nµ. A number of single pulses had smooth CCFs with-
out any distinct microstructure features. That number is
given in Table 1 as Nno−µ. Only one from 225 pulses of
PSR B0950+08, or less than 0.5% had no microstructure;
For PSR B1929+10 about 3% of single pulse had no mi-
crostructure, while for PSR B1133+16 about 17% and
38% of pulses had no microstructure in case of the rst
and the second component, respectively. This nding is in
reasonable agreement with the results of ?).
The histograms of the microstructure widths are pre-
sented in Figure 5. For all three pulsars they are skewed
towards shorter widths. In general, they show a moderate
rise from broader to shorter width starting at  200 µs
for PSRs B0950+08 and B1929+10 and  800 µs for the
two components of PSR B1133+16. The moderately rising
part of the histogram approximately corresponds to the
broad part of the average CCFs in Fig. 3 (left column).
The rise becomes markedly sharper at  40 µs for PSRs
B0950+08 and B1929+10 and at  200 µs for each of the
components of PSR B1133+16. The onset widths of the
moderate and sharp rise in the histograms are roughly
proportional to P, about 0.08% and 0.02% of P, respec-
tively. The histograms peak at  20 to 30 µs for PSRs
B0950+08 and B1929+10 and  50 µs for the two com-
ponents of PSR B1133+16. Towards shorter widths the
histograms of PSRs B0950+08, B1133+16 (component I,
see inset of plot), and B1929+10 display a sharp cuto at
a width of about 10 µs. The histogram of PSR B1133+16
(component II) is even in the high-resolution version with
5 µs bins (see inset of plot) not suciently well resolved
to show the cuto. A plot of the inner part of the his-
togram with an even higher resolution did not seem to be
warranted because of the relatively small number in each
bin. However, the cuto clearly exists. The shortest width
measured was 7 µs for PSR B0950+08, 7 µs and 2 µs for
PSR B1133+16 (component I and II, respectively), and
5 µs for PSR B1929+10 (Table 2). The cuto width and
the shortest widths measured are greater than the time-
lag constant of 1 µs used in the analysis of the individual
CCFs and the expected scattering time for either of the
pulsars, and are therefore intrinsic properties of the pul-
sars. The sharply rising part of the histograms with the
cutos corresponds for component II of PSR B1133+16
and for PSR B1929+10 to the central narrow but resolved
spike in their average CCFs (Fig. 3, right column). For
PSR B0950+08 and component I of PSR B1133+16 the
distribution of the widths of the micropulses weighted by
the micropulses’ intensities is likely suciently smooth as
not to be reflected in a narrow spike in the central portion
of the average CCFs.
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Fig. 5. Histograms of time scales of detected microstructure in the individual CCFs of single pulses for PSRs B0950+08,
B1133+16 (rst and second components), and B1929+10. The insets display histograms for the shortest time scales
Again, there is a dierence for the rst and second
component of PSR B1133+16. Micropulses with a width
 50 µs occur almost twice as frequent in component II
than in component I.
4.2.4. The modulation index of the microstructure
?) computed a modulation index of the microstructure
for a large set of single pulses from the average of the
normalized individual ACFs. He determined the modu-
lation index as the square-root of the height of the mi-
crostructure spike in that ACF from its base on the sub-
pulse structure to the peak value of 0.5 predicted in the
Amplitude Modulated Noise Model (?). We computed a
modulation index of the microstructure for each selected
single pulse from the individual CCFs such as those dis-
played in Figure 4. We determined the height from the
base of the microstructure spike on the broader feature to
the peak of the microstructure spike. Due to the presence
of noise and possibly some minor decorrelation of the sig-
nal across the bands our CCFs do not peak at a value of
0.5. We therefore scaled the value of the height of the mi-
crostructure spike such that the peak of the CCF would
be 0.5. Our modulation index is then given as the square-
root of that scaled value and is essentially corrected for
the eect of noise and the possible minor decorrelation.
In Figure 6 we present a plot of the measured modula-
tion indices of the detected microstructure as a function of
the microstructure’s time scale. For all three pulsars the
modulation index is at a minimum of  0.1 at the smallest
time scale of  5 µs and increases with increasing width
to a value of 0.2 to 0.3 for a time scale of 1 000 µs. For the
modulation index too, we nd dierences for the two com-
ponents of PSR B1133+16. Microstructure in the second
component of PSR B1133+16 often has greater modula-
tion indices at short time scales than the microstructure
of the rst component.
4.3. Short-term noiselike intensity fluctuations
Our average CCFs as well as our individual CCFs do not
show any microstructure features with a sub-microsecond
time scale. On the other hand, as was mentioned in
Section 4.1, strong pulses when plotted with the highest
time resolution seem to contain bright short submicrosec-
ond pulses (see Figure 2). Also, ?) reported to have found
intensity fluctuations from the Crab pulsar which were
still unresolved at their highest time resolution of 10 ns.
Is it possible that \nanopulses" exist also in our data with
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PSR 1929+10
Fig. 6. Microstructure modulation index versus microstructure time scale. In the diagram for PSR B1133+16 circles represent
the rst component and crosses the second component of the average pulse prole
a width not much larger than our highest time resolution
of 62.5 ns? They may perhaps not be visible in our his-
tograms with more than 100 times wider bins. they could
perhaps also be largely uncorrelated for the two bands
and therefore not apparent in the CCFs. To investigate
the signicance of our fast intensity fluctuations we have
to compare their statistics with the statistics of noise.
We use two approaches in our data analysis: 1) com-
putation of short-term ACFs with a time-lag resolution
of 62.5 ns for ON-pulse and OFF-pulse windows, and 2)
comparison of the distribution of the intensities of short-
term (62.5 ns) fluctuations ON-pulse with the distribu-
tion of such intensities OFF-pulse and also with the χ2-
distribution for thermal noise.
4.3.1. Short-term ACFs






[ I(t)− I ][ I(t + τ)− I ] , (4)
were computed for single pulses from many short adjacent
intervals of the data with detected signal I(t) at sample
number, t, both in ON-pulse and OFF-pulse windows. The
short time intervals were each 8 µs long and contained
T = 256 samples. For each single pulse 256 ACFs were
computed for the ON-pulse window and the same number
also for the OFF-pulse window. The instantaneous mean
level I (I =
∑T
t=1 I(t)/T ) was always subtracted from
I(t).
In order to obtain sucient sensitivity, we selected
only very strong single pulses: 41 for PSR B0950+08, 24
for PSR B1133+16, and 30 for PSR B1929+10. For all
three pulsars no systematic dierence was apparent be-
tween the ON-pulse and OFF-pulse average ACFs above
the noise level, which was equal to about 0.003. This re-
sult shows that no evidence was found for the occurrence
of microstructure with a sub-microsecond time scale in
any of the three pulsars.
4.3.2. Distribution of intensities
We also compared the ON-pulse and OFF-pulse intensity
distributions and the χ2-distribution for thermal noise.
For each short 8 µs interval of time with T = 256 samples,
the quantity, (I(t) − I)/σ was computed from the signal
with the highest resolution of 62.5 ns, where, σ, is the
root-mean-square deviation of I(t) over the 8 µs interval.
The results obtained for three extremely strong pulses
of PSR B1133+16 (component I) in the ON-pulse and
OFF-pulse windows are presented in a histogram in
Figure 7. The dotted line in Figure 7 represents the the-
oretical distribution expected for a chi-squared random
variable with two degrees of freedom. One can see that
there is no notable dierence between the ON-pulse and
the OFF-pulse distributions and that both distributions
are fairly well t by the theoretical curve. ON-pulse and
OFF-pulse intensity fluctuations much shorter than 8 µs
therefore have the statistics of thermal noise. The bright
unresolved intensity spikes displayed in Figure 2 are there-




Micropulse periodicities can be revealed, e.g., by analyz-
ing ACFs, CCFs, or power spectra. Since our observa-
tions were conducted in two conjugate frequency bands,
we again use CCFs and in addition cross-power spectra.




R1,2(τ)W (τ) exp(−j2pifµτ) , (5)




































Fig. 7. Histograms of intensities at the highest resolution of
62.5 ns recorded ON-pulse (squares) and OFF-pulse (stars) for
three extremely strong single pulses of PSR B1133+16 (com-
ponent I). The dotted line corresponds to the χ2-distribution
for thermal noise. The lower histogram presents the tail exten-
sion of the upper histogram. The ordinate gives the number
of occurrences as a fraction of the total number of intensity
samples of 393 216. The abscissa gives the intensity in units of
the standard deviation, σ
where fµ is the frequency of the microstructure peri-
odicity, R1,2 is the CCF (see formula (2)), and W (τ)











Figure 8 shows an example of quasi-periodic mi-
crostructure within a single pulse of PSR B1133+16 for
the upper and lower bands, the corresponding CCF and its
cross-power spectrum. The eect of the quasi-periodicity
of the microstructure is clearly seen in the CCF and the
cross-power spectrum.
In the following analysis we will use the cross-power
spectra only. That has at least two advantages compared
with the traditional use of ACFs and CCFs. First, in case
of only one strong and isolated spectral line or feature as
displayed in Figure 8 the cross-power spectrum provides
directly numerical values for the frequency (fµ), amplitude
(aµ) and width (fµ) of the detected feature that corre-
sponds to the quasi-periodicity. Second, in case of more
than one isolated strong feature such features can be rel-
atively easily distinguished in the cross-power spectrum
but not so in an ACF or a CCF. We selected a feature
as \detected" if its power was larger than, or equal to,
6 rms in the spectrum on both neighboring sides of the
feature or if the absolute value of the feature was  0.001.
The last condition was necessary to detect strong spec-
tral features in the very low frequency range where the
local rms variation could be overestimated because of the
frequent complexity of the spectral features. In the case
of approximately symmetric features, the width, fµ, of
the spectral features was determined as the FWHM. In
the case of complex features we interpreted the feature as
a blend of several narrow features and made an educated
guess of the FWHM of the dominant unblended feature by
measuring the half-width at half-maximum intensity from
the apparently unblended side of the feature to the peak
and then doubled that width.
In Table 1 we list the total number, Nµ−QP, of strong
isolated features we found in the cross-power spectra of
Np single pulses for PSRs B0950+08 and B1929+10 and
the two components of PSR B1133+16.
5.1.1. Types of microstructure periodicities
In Figure 9 we show dierent types of cross-power spectra
for several selected single pulses of PSR B1133+16 in any
of the two components. Similar types were also found for
the other two pulsars. All spectra were normalized by their
total power, i.e. the sum of all harmonics was set equal to
unity. Visual inspection of the spectra shows that all spec-
tral features below 10 kHz are substantially broader than
the applied frequency resolution of about 100 Hz. The
spectra therefore dier substantially from random noise
and reflect the properties of the pulsar emission.
The spectra may be classied in four general categories
in order of increasing complexity. The rst category com-
prises spectra dominated by only one symmetrical feature
(see Figure 9, a-e plots).
The second category comprises spectra with two or
more isolated symmetrical features with their frequencies
being approximately multiple integers of the lowest fre-
quency at which an isolated feature could be identied
(Figure 9, f and g plots). These two categories correspond
to the "classic" quasi-periodicities. However they consti-
tute only about 5% of all analyzed spectra, about the same
percentage for all three pulsars. The third category covers
the spectra with several symmetrical isolated features lo-
cated at more or less random frequencies (Figure 9, h and
i plots). About 30{35% of all spectra fall under this cate-
gory. Finally, the fourth category comprises spectra with
isolated features at random frequencies as in the third cat-
egory, but where each isolated feature is not symmetrical
but instead structurally more complex (Figure 9, j and



















































Fig. 8. An example of single pulse intensities with quasi-periodic microstructure for PSR B1133+16 (component I) recorded
in the upper (U) and lower (L) sidebands (left) and the corresponding CCF (middle) and cross-power spectrum (right). For
plotting purposes only, the intensities were smoothed with a time constant of 8 µs, and the CCF was smoothed with a time
constant of 1 µs. For the cross-power spectrum we plot only the frequency range above 2 kHz, since the large power spectral
density from features at lower frequencies would otherwise determine the scale completely
k plots). This is the most numerous category; it contains



































Fig. 9. Four dierent types of cross-power spectra (see text)
for selected single pulses of PSR B1133+16 for any of its two
components. Each spectrum is normalized by the total power,
i.e. by the sum of the power of all harmonics. All plots shown
in the gure start from some relatively high frequency. Low-
frequency features are much more powerful and would deter-
mine the scale of the plots such that the high-frequency fea-
tures would become almost invisible
5.2. Histograms of the microstructure period
In Figure 10 we show the histograms of the microstructure
period Pµ (Pµ = 1/fµ) for PSRs B0950+08, B1133+16
(component I and II) and B1929+10. There are some gen-
eral similarities between them. The histograms are skewed
towards smaller microstructure periods. They have a rel-
atively narrow peak at about 300 µs for PSRs B0950+08
and B1929+10 and a broader peak at about 800 µs for
component I of PSR 1133+16 and about 400 µs for com-
ponent II. The histograms fall o sharply towards smaller
periods. The widths of the histograms are relatively large.
The bulk of microstructure periods (75%) falls in the range
of 0.1{1.0 ms for PSR B0950+08, 0.2{3.0 ms for compo-
nent I of PSR B1133+16, 0.1{2.0 ms for component II of
PSR B1133+16, and 0.2{0.7 ms for PSR B1929+10. For
PSRs B0950+08 and B1133+16 for which microstructure
results were published earlier, these range values agree well
with those obtained by others at other frequencies with a
smaller sample size (?????).
How do the histograms of the microstructure periods
in Figure 10 compare with those of the microstructure
time scales in Figure 5? It is obvious that the short-
est microstructure period cannot be shorter than twice
the microstructure width. In fact, for PSRs B0950+08
and B1929+10 the most frequent microstructure pe-
riod is about 300 µs and for components I and II of
PSR B1133+16, 800 µs and 400 µs respectively. For
the rst two pulsars the values are about two to four-
fold larger than the characteristic microstructure time
scale, τµ−broad, determined from the average CCF. For
PSR B1133+16 no clear characteristic broad microstruc-
ture time scale could be determined since the time scales
varied over a relatively large range. However, the most
frequent microstructure periods for components I and II
are consistent with also being about two to fourfold larger
than the values at the upper end of those ranges.
Again, for PSR B1133+16 there is a clear dier-
ence in the histogram of microstructure periods. Quasi-
periodicities with the shortest periods are relatively more
numerous for the second component than for the rst com-
ponent.



















































Microstructure period (   )µs
PSR 1133+16 (II)
Fig. 10. Histograms of the microstructure periods, Pµ, for the quasi-periodic features detected in the cross-power spectra
5.3. Histograms of the Q-factor of the microstructure
periods
The microstructure periods were determined from the
peaks of the individual features in the cross-power spectra
at frequency fµ. The widths, fµ, of the features varied
widely. To determine the sharpness of the features or the
\fuzziness" of the microstructure periods we followed ?)
and dened the Q-factor as Q = fµ/fµ. Figure 11 shows
the histograms of the Q-factor for each of the three pul-
sars. A large majority of spectral features have relatively
low values of Q with the most frequent value of about 1.5
to 2. In 75% of all cases Q < 5 for PSR B0950+08 and
each of the components of PSR B1133+16, and Q < 4
for PSR B1929+10. However, some relatively high values
with Q  10 were also found, but only for PSR B0950+08
and the two components of PSR B1133+16.
5.4. Average cross-power spectra
In order to investigate the general aspects of the cross-
power spectra we averaged the individual cross-power
spectra for each of PSR B0950+08 and PSR 1929+16 and
each component of PSR B1133+16. We then normalized
the spectra for each pulsar so that they have equal spectral
densities at frequencies higher than about 50 kHz where
they are largely flat and identical to the equivalent spectra
obtained for the OFF-pulse signal. In Figure 12 we show
these spectra for all three pulsars and compare them with
the OFF-pulse spectra. At frequencies below about 20 kHz
the ON-pulse power spectra show a large excess above the
noise power spectrum. This excess reflects the presence of
microstructure periodicities with periods down to  50 µs.
The value corresponds to the time scales of microstructure
revealed through the analysis of individual CCFs. The low
frequency part of the spectra presented in Figure 12 can
be approximated by the power law (S / f−α) with the ex-
ponent α  2 for all three pulsars. In comparison, the ex-
ponent for the OFF-pulse spectrum is about 0.5. Clearly,
the analysis of the average power spectrum is another way
to detect the presence of microstructure.
6. Discussion
We have presented a statistical analysis of the properties
of microstructure for PSR B0950+08, the two components
of PSR B1133+16, and PSR B1929+10, the most exten-
sive such analysis with one of the highest time resolution of
62.5 ns ever made. The observations were made in absentia
with the S2 VLBI system in the same way as VLBI ob-
servations. In the future the anticipated S3 VLBI system


























































Fig. 11. Histograms of the parameter Q for revealed quasi-periodicities
should allow similar observations of pulsars to be made
with a time resolution as high as 1 ns.
Microstructure with a characteristic broad time scale
 90 to  140 µs was found for PSR B0950+08 and
for the rst time also for PSR B1929+10. Microstructure
with a characteristic short time scale of only  10 µs was
found for the second component of PSR B1133+16 and for
PSR B1929+10, the rst time such a short characteristic
time scale was found from the statistical analysis of many
pulses from any pulsar. Clearly, microstructure may have
more than one characteristic time scale. This conclusion
is further supported by the histograms of the microstruc-
ture time scales which showed, even in cases where no
clear characteristic time scale could be measured in the
CCF, generally a moderately rising part toward shorter
time scales, corresponding to the broad micropulses, and
a sharply rising part corresponding to short micropulses.
Two dierent characteristic time scales for micropulses
were previously found by others. ?) observed two pul-
sars, PSRs B0809+74 and B1133+16 at 102.5 MHz with
a time resolution of 10 µs and found that a long time
scale of  500 µs and a short time scale of  500 µs are
present in the ACFs of these pulsars. Later it was shown
for the same pulsars that micropulses with a long time
scale are clearly correlated over a broad frequency range
of 70{102.5 MHz (?) while short time scale micropulses are
not correlated over a narrow frequency range of 1.6 MHz
at a center frequency of 102.5 MHz (?). In the present
study we have found for PSRs B1133+16 (component II)
and B1929+10 a clear correlation between the short time
scale microstructure in the two conjugate bands separated
by 16 MHz or 1% of the center frequency.
Despite several hours of observations, no nanopulses
were detected for any of the pulsars. The shortest
micropulse was found for the second component of
PSR B1133+16 and had a width of 2 µs. In particular,
the histograms of the microstructure widths for all three
pulsars showed a sharp cuto at  10 µs. The rare occur-
rence of micropulses with short widths of only a few mi-
croseconds but with flux densities strong enough to be de-
tected is consistent with earlier results for PSR B1133+16
at nearly the same frequency by ?) and ?) who also
found only one or at best a few micropulses with such
a short width after several hours of observations. Either
micropulses with widths shorter than about 1 µs do not
exist at our observing frequency in the three pulsars we
studied or they are so weak or occur so infrequent that
they have not yet been observed.
In contrast to our pulsars, ?) reported to have found
extremely strong nanopulses for the Crab pulsar which are
still unresolved with a time resolution of 10 ns. It remains
to be seen whether the dierence in the shortest timescale































Fig. 12. Average cross-power spectra of the intensities at two
conjugate 16-MHz bands for ON-pulse and OFF-pulse emis-
sion. The spectra were normalized to the largely flat part of
the OFF-pulse spectrum between 50 kHz and 1 000 kHz
for microstructure for our three pulsars on the one hand
and for the Crab pulsar on the other hand is caused by the
Crab pulsar’s young age, small period, or general unique-
ness. Observations of other pulsars with a similarly high
time resolution as ours of 62.5 ns are needed to further
investigated this aspect of microstructure research.
Detailed inspection of the central portion of the aver-
age CCFs showed that the time delay of the micropulses
over the two sidebands is for PSR B1929+10 within the er-
ror as expected, but is for PSRs B0950+08 and B1133+16
1 to 2% shorter than expected. The latter discrepancy has
never been observed before.
Earlier investigations of a possible discrepancy be-
tween the microstructure time delay and that of average
proles were based on observations with a coarser timing
accuracy and a larger relative and absolute frequency dif-
ference of the two channels than ours. ?) rst showed in
observations of PSR B1133+16 with the Arecibo telescope
at 196.3 and 318 MHz with resolutions of 60 and 110 µs,
respectively, that the time delay of the microstructure
spike in the CCF was equal to that of the average prole
within the error of  100 µs. ?) reported similar results.
They did not nd a signicant discrepancy from their ob-
servations of PSRs B0809+74, B0950+08, and B1133+16
with the Cross Radio Telescope in Pushchino at three fre-
quencies in the range of 67{102 MHz with a resolution
of 10 µs. The microstructure time delay in the CCFs fol-
lowed the cold plasma dispersion relation for average pro-
les within the accuracy of the measurements of 70 µs.
Recently, ?) have compared arrival times for 29 recorded
giant pulses from the Crab pulsar with the 25 m Green
Bank telescope at 0.6 GHz and the VLA at 1.4 GHz.
The micropulses had characteristic time scales from 1 to
10 µs. Again, no discrepancy was found for the time delays
within an error of 15 µs.
Quasi-periodicities were observed for all three pul-
sars including both components of PSR B1133+16. In
most cases the periodicities were only relatively weakly
pronounced with Q-factors generally between 1.5 and
2 and cross-power spectra showing rather complex fea-
tures. Only in 5% of all cases did we detect classic quasi-
periodicities with single spectral features and their har-
monics. In fact, it appears that the complexity of the
spectra almost continuously covers all of our four dier-
ent categories. In this sense there is no principle dierence
between spectra of classic quasi-periodicities and spectra
with no clear periodicities at all. Therefore, we conclude
that, at least for our pulsars, the nature of quasi-periodic
micropulses is the same as the nature of apparently ran-
dom micropulses. Further, there are strong similarities be-
tween the histograms of the microstructure periods and
the equivalent ones for the microstructure time scales. In
other words, the quasi-periodicity is an integral property
of the microstructure, and its nature is hidden in the na-
ture of the microstructure itself.
In this context the interpretation of microstructure
quasi-periodicities in terms of modes of vibrations of neu-
tron stars (???) is not attractive. ?) have calculated the
periods of many modes of nonradial oscillations of neu-
tron stars, and some of them fall well into the range of
the observed quasi-periodicities. The identication of the
observed quasi-periodicities with some modes of the neu-
tron star oscillation would without doubt put particular
constraints on the neutron star structure. However, our
values of the Q-factor are very small in comparison to
about 1 000 expected from stellar vibrations. Further the
essential continuum of the degree of complexity of the
cross-power spectra and the lack of any resonance spike
in the histograms for the microstructure period, Pµ, make
it very unlikely that the microstructure quasi-periodicities
are caused by vibrations of the neutron star. Similar con-
clusions have been drawn by ?) as a result of a study of
ve pulsars at several frequencies.
We nd it most remarkable that the micropulses in
the two components of PSR B1133+16 display dierent
characteristics in every aspect we analyzed. The average
CCFs, the histograms of microstructure time scales, the
modulation indices versus time scales, the histograms of
microstructure period, and the average cross-power spec-
tra are all signicantly dierent for the two components.
Most striking is the more dominant occurrence of short
micropulses in the second component which is reflected
in the sharp spike of the central portion of its average
CCF, the two-fold higher frequency of occurrence in the
histogram for  100 µs widths, and the higher modulation
index for short micropulses.
Microstructure time scale dierences for the two com-
ponents of PSR B1133+16 were rst reported by ?) for ob-
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servations at 1 400 MHz with a time resolution of 150 µs.
They found that the distribution of the characteristic
time scales of microstructure in the range from 200 µs
to 1 500 µs is substantially dierent for pulse components
I and II. Micropulses of the second component more fre-
quently had smaller widths than the micropulses of the
rst component. However no dierences were found for
the characteristic time scales from the average ACFs for
each of the components. Their rst result is consistent
with ours, and their nding of a lack of a dierence in the
characteristic time scale can probably be contributed to
the insuciency of their time resolution for observations
of this pulsar. Dierences in our average CCFs become
apparent only for time lags less than  200 µs.
Are the micropulses we observe due to a longitudinal
emission modulation and therefore to a sweep of the beam
past the observer, or are they due to a radial emission
modulation and therefore to the intrinsic time variability
of the emission, or are they perhaps due to a combina-
tion of both? The average pulse prole clearly reflects the
beam pattern; the equivalent prole width is proportional
to P (?). Subpulses in single pulses have a typical width
/ P 0.8 indicating that the millisecond structure like the
average pulse prole can largely be interpreted as being
due to the sweep of the beam past the observer (?). Broad
micropulses of several 100 µs duration were reported to
have a somewhat weaker dependence on period (/ P 0.5; ?;
see also ?) reflecting perhaps already part of the elemen-
tary emission mechanism with its temporal variations.
Three pulsars are not enough to test this relation since
the scatter about the regression line is relatively large.
However, we can compare our broad, narrow, and shortest
microstructure widths with the average prole component
widths and the subpulse widths listed for the three pul-
sars in Table 2. Our broad microstructure characteristic
time scales for the two pulsar, B0950+08 and B1929+10,
for which they could be measured are 1.54% and 1.53% of
the FWHM of the average proles, respectively, and 2.80%
and 2.65% of the 50% ACF widths which are a measure of
the subpulse width, respectively. The narrow microstruc-
ture characteristic time scales for PSRs B1133+16 (II) and
B1929+10 for which they could be measured are 0.13%
and 0.14% of the FWHM of the respective component of
the average prole. The shortest micropulse widths for
PSRs B0950+08, B1133+16 (components I and II), and
B1929+10 are 0.08, 0.10, 0.40, and 0.08% of the average
component width, respectively. The narrow and the short-
est microstructure widths cannot be compared with the
ACF widths since ?) did not distinguish between the two
components of PSR B1133+16.
In other words, with the exception of the shortest mi-
cropulse widths for PSR B1133+16, each of the dierent
types of micropulse width scales within 5% with the sub-
pulse width and the average pulse component width. That
is an intriguing result. It therefore appears that even the
fastest observable intensity fluctuations still have a strong
component of the longitudinal emission modulation and
are at least partly due to the sweep of the beam. The
broad and narrow microstructure translate, at least partly,
into characteristic angular scales of the flickering intensity
pattern of the beam, and the shortest micropulse widths
correspond to the smallest, but clearly resolved angular
ripples of the beam.
The longitudinal emission pattern of the beam on this
small angular scale, however, is likely related to the radial
pattern through the radius to frequency relation and the
curved open magnetic eld lines of the polar regions. For
instance, for PSR B0950+08 the subpulse ACF width in-
creases from 4.2 ms at 2.7 GHz to 5.0 ms at 1.7 GHz (?),
reflecting the above frequency dependent geometry. With
the assumption that the subpulses can be approximated as
Gaussians the 50% ACF width has to be scaled upwards
by a factor of 1.4 to yield the FWHM of the subpulses.
If we had observed the subpulses over a continuous band-
width from 2.7 to 1.7 GHz, they would be smeared in
time at the wings by about a third of the dierence of the
scaled widths or 0.37 ms. On average, the smearing time
for a subpulse would be about 0.19 ms. Correspondingly,
we could expect our micropulses observed over a total of
the two bands of 32 MHz to be smeared in time on aver-
age by about 6.1 µs. For PSRs B1133+16 and B1929+10
the expected smearing times based on the dierences of
the scaled ACF widths are 4.5 (see caption of Table 2 for
PSR B1133+16) and 3.7 µs, respectively. The expected
smearing times for the rst and third pulsar are in good
agreement with their shortest widths. For PSR B1133+16
the ACF width refers to a weighted mean of the ACF
widths of both components. The mean of our shortest
widths for both components is 4.5 µs which equally well
agrees with the expected smearing time for both compo-
nents.
In this context the residual delay of  2 µs that we
observed for the microstructure of the two bands for two
pulsars can be interpreted as being due to the curved ge-
ometry of the magnetic eld lines and to the radius to
frequency mapping. One might expect the delay to be a
function of the phase of the micropulses in the pulse win-
dow. Micropulses in the leading part of the pulse window
would rst appear at the lower frequency , micropulses in
the trailing part of the pulse window would rst appear at
the higher frequency. In case of PSR B1133+16 for which
we distinguished between a leading and a trailing com-
ponent we did indeed nd that the lower frequency mi-
cropulses arrived rst in the leading component. However
we did not observe a sign reversal of the delay for the
micropulses in the second component.
This complication in the interpretation notwithstand-
ing, it may now be suggested that the smallest observable
angular scale of the fluctuating radiation pattern of the
beam is limited by the geometry of the opening cone of
emission and therefore likely by the opening polar mag-
netic eld lines, the particular radius to frequency map-
ping, and the bandwidth of the receiver. Shorter pulses in
these pulsars may become observable by using a smaller
bandwidth. The shortest pulses observable at 1.7 GHz
would be limited by the rise time of the optimal lter to
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about 0.5 µs. Other pulsars may have a more favorable,
weaker dependence of the ACF width on frequency and
could show less angular smearing. A detailed study of the
correlation and the pulse time of arrivals of micropulses
at several close frequencies with a similar resolution of
62.5 ns could provide important clues about the geometry
of the magnetic eld lines, the elementary pulse structure,
and in turn the emission mechanism.
Several possible emission mechanisms were proposed
to explain radio emission of pulsars. In general, they
can be classied into three groups: emission by bunches,
plasma instabilities, and maser emission (?). Theoretical
predictions on the possible generation of ultra short time
scale intensity fluctuations in the pulsar radio emission are
based on nonlinear temporal models describing the inter-
action of a high energy beam of particles with plasma wave
packets in the pulsar magnetosphere. ?) suggested that a
two-stream instability may result in the growth of strong
plasma turbulences which would lead to a self-modulation
instability, the creation of localized wave packets, and the
generation of stable Langmuir soliton-like solutions. The
latter would result in the so-called \Langmuir microstruc-
tures" with time scales in the range of several microsec-
onds. Our shortest micropulses have the predicted typical
durations and could be interpreted in this way.
Other interpretations of microstructure are based on
nonlinear models of self-modulational instabilities of an
electromagnetic wave with a large amplitude propagat-
ing in an electron-positron plasma (????). The models
demonstrate that the modulation instability can evolve to
a nonlinear stationary state that results from the balance
between nonlinearity and dispersion. The possible station-
ary solutions of the respective nonlinear equations are the
envelope solitons or isolated wave packets and the peri-
odic wave trains. The rst solution may describe strong
isolated micropulses while the second could describe the
phenomenon of quasi-periodicity.
Recently ?) conducted a numerical simulation based on
nonlinear wave dynamics which provides detailed solutions
for the temporal behavior of pulsar radio emission. The
model predicts an intrinsic pulse width in the range of
1{10 ns (nanostructure). The characteristic time scale is
expected to be frequency dependent, becoming longer at
lower frequencies.
Our analysis of pulsar radio emission with the res-
olution of 62.5 ns has not detected any nanopulses.
Nanostructure may in general be present in radio emission
as \shot noise" as suggested by ?). Perhaps nanopulses
might be observed as an infrequent phenomenon like the
\giant" pulses from the Crab pulsar.
However, no matter how short elementary pulses could
intrinsically be, they are not only likely aected by angu-
lar smearing as suggested for our pulsars above but could
perhaps also be signicantly aected while propagating
through the magnetosphere toward the observer. ?) have
studied the scattering and diraction of radio waves in the
pulsar magnetosphere and found that the scattering delay
can be as large as 10 µs, easily explaining our cuto widths
in the histograms. The dispersion delay of micropulses of
about 2 µs we found for PSR B0950+08 and both compo-
nents of PSR B1133+16 could also be explained in their
model as a propagation eect.
The dierence in the characteristics of microstructure
for the two components of PSR B1133+16 remains puz-
zling. If the two components dene the longitudes where
the hollow cone of emission is intersected by the line of
sight, then the emission mechanism produces micropulses
with characteristics as a function of azimuth about the
axis of the hollow cone. Perhaps asymmetries in the po-
lar cap magnetic eld structure could cause azimuthally
dependent plasma bunching properties and propagation
eects that would result in the dierences we observe.
7. Conclusions
The main results and the conclusions of our study can be
summarized as follows:
1. The S2 VLBI system provided a conceptually clearly
dened continuous flow of data with a time resolution
of 62.5 ns that could be transferred via the S2-TCI
to small digital tapes for the analysis of pulsar radio
signals.
2. Broad microstructure in the average CCF was found
for the rst time for PSR B1929+10, and conrmed
for PSR B0950+08.
3. Narrow microstructure with a typical width of only
about 10 µs was discovered in the average CCFs of
PSRs B1133+16 (component II) and B1929+10.
4. Histograms of microstructure time scales show a steep
increase toward shorter time scales followed by a sharp
cuto at about 5{10 µs. The shortest micropulse de-
tected had a width of 2 µs.
5. The microstructure modulation index decreases with
decreasing microstructure time scale.
6. No unresolved nanopulses or pulse structure with a
sub-microsecond time scale were found.
7. For PSR B1929+10 the dispersion delay for mi-
cropulses over 16 MHz or  1% of the center frequency
is the same within one standard error as that for the
average pulse over a much larger absolute and relative
frequency spread. For PSRs B0950+08 and B1133+16
the residual delay is about 2 µs with the micropulses
at the lower frequency arriving earlier than expected.
8. The cross-power spectra for single pulses display fea-
tures with an almost continuous variety of complexity
ranging from single features that correspond to the
classic quasi-periodicities to multiple and broad over-
lapping features with random positions in the spectra
that correspond to essentially no quasi-periodicities at
all.
9. The histograms of the periods for the detected spectral
features outline a rather broad range of periods with
the most frequent periods having values two to fourfold
larger than the characteristic time scale of the broad
microstructure.
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10. The large majority of the detected spectral features
have low Q-factors. The most frequent values were 1.5
to 2. The highest values were about 10 but occurred
only in a very small number of pulses.
11. The power spectral density of the average cross-power
spectra of single pulses decreases steeply toward higher
frequencies of the microstructure quasi-periodicities
and merges with the power spectral density of the
OFF-pulse emission at a frequency that corresponds
to the shortest microstructure quasi-periodicities.
12. The statistics of the micropulses and their quasi-
periodicities dier signicantly for the two components
of PSR B1133+16.
13. Microstructure quasi-periodicities are most likely not
related to modes of vibration of the neutron star.
14. We argue that the shortest micropulses represent, at
least in part, the shortest scale of the longitudinal ra-
diation pattern of the sweeping beam. The particular
combination of the geometry of the opening, curved
magnetic led lines, the radius to frequency mapping,
and the bandwidth over which the radiation is ob-
served limited the observable width of micropulses in
our observations to  5 µs. The principally shortest
micropulses of our three pulsars at 1.7 GHz are pre-
dicted to have a width of  0.5 µs.
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